Transmission of hospital-acquired infections and infectious intestinal disease can lead to significant morbidity and mortality, having severe economic consequences in the form of expensive medical costs and the loss of productivity. 1 Many nosocomial infections and foodborne pathogen outbreaks could be prevented by proper decontamination of hands with handwashing, identified as the single most effective means of preventing the spread of infection. [2] [3] [4] [5] Handwashing and hand drying is especially important in the food and health care fields because of the public health consequences arising from failure to execute hand decontamination effectively, with sufficient frequency, or both. In health care facilities there are added concerns for hand transmission and spread of nosocomial diseases, particularly those involving antibiotic-resistant strains of bacteria. 1
Transmission of hospital-acquired infections and infectious intestinal disease can lead to significant morbidity and mortality, having severe economic consequences in the form of expensive medical costs and the loss of productivity. 1 Many nosocomial infections and foodborne pathogen outbreaks could be prevented by proper decontamination of hands with handwashing, identified as the single most effective means of preventing the spread of infection. [2] [3] [4] [5] Handwashing and hand drying is especially important in the food and health care fields because of the public health consequences arising from failure to execute hand decontamination effectively, with sufficient frequency, or both. In health care facilities there are added concerns for hand transmission and spread of nosocomial diseases, particularly those involving antibiotic-resistant strains of bacteria. 1 Hand drying is the critical last stage of the handwashing process and can be important in reducing the likelihood of transmission of human pathogens so long as it is accomplished in a way that reduces, rather than increases, the risks of cross-contamination. 5, 6 This requires that both the drying is effective and that contamination of hands does not take place during the process. The 3 methods of hand drying available to the food and health care industries are hot-air dryers, cloth towels, and paper towels. Most public health, food safety, and hospital infection control experts prefer paper towels as the most hygienic means of hand drying 1, [6] [7] [8] [9] [10] and, as such, they are widely used. Continuous-roll cloth towels can become communal; concerns that hot-air dryers can become reservoirs for pathogenic organ-isms, which can be spread on hands and into the air, have limited their use. 6, [8] [9] [10] In other aspects of hand hygiene, concerns have been expressed about the functionality of dispensing systems 11 and this needs to be carefully considered to maximize handwashing compliance and effectiveness. 1 Paper towels require dispensing or delivery to individual users from storage cabinets. The most basic is the folded-towel dispenser (direct manual pull or open slot), but there are also dispensers that require buttons, cranks, or levers. The former, along with touch-free faucets, are preferred as they reduce the risk of cross-contamination. 1, 12 A number of different towel types are available consisting of single-fold and multifold (eg, c-, z-, and mfold). Towel dispensers may be designed specifically for particular towels whereas others are generic. Cross-supply (towels produced by one manufacturer being used in a dispenser manufactured by a second supplier) is a regular occurrence. This may mean that towels are not an exact fit for the dispenser. This could lead to towel jamming, towels falling out of the dispenser, or dispensing abnormalities such as a handful of towels being drawn at one time. All of these conditions can result in hands that are wet, contaminated, or both touching other paper towels or the dispenser exit, and could be the cause of routine contamination of dispenser exits. [12] [13] [14] This study was undertaken to identify and quantify exposure routes and review the economic efficiency associated with the use of a generic dispenser. Information on the latter can be of use in cost-benefit analysis and risk assessment. Although the study uses one generic paper towel-dispenser system with several different brands of paper towels, the methodology can be used to analyze cross-contamination potential for any combination of towel and dispenser. This study is consistent with recommendations made by the joint Healthcare Infection Control Practices Advisory Committee/Society for Healthcare Epidemiology of America, Inc/Association for Professionals in Infection Control and Epidemiology, Inc/Infectious Diseases Society of America, Hand Hygiene Task Force to study cross-contamination routes within the patient environment. 1 
METHODS

Paper towels tested and paper-towel dispenser used
All paper products were received from suppliers in good condition and considered equivalent to those seen in everyday use in the United States and United Kingdom. The paper towels used were coded X, YW, YN, ZW, and ZN and were of different fold types and manufacturers. The suffix "W" used in the codes indicated they were the wider version of those coded with the suffix "N" (narrow).
Four identical, stainless-steel, front-loading, papertowel dispensers (Model BN-262, Bobrick Washroom Company, North Hollywood, Calif) were used to dispense all makes of towel. These are a popular offthe-shelf dispenser often listed in building specification for hospitals, clinics, dental offices, and "Class A" office buildings in North America.
Criteria for volunteers
An equal number of men and women were recruited for this study. Testing of dispensers was performed from 3 different user-height perspectives for both women and men, on the basis of average heights for men and women, 15 and were used to assess if height is a determining risk factor in paper-towel dispensing. Experiments were carried out from the following sex and height perspectives: men short, 64 ± 2.5 in (162.56 cm); men medium, 69 ± 2.5 in (172.5 cm); men tall, 74 ± 2.5 in (187.96 cm); women short, 59 ± 2.5 in (149.86 cm); women medium, 64 ± 2.5 in (162.56 cm); and women tall, 69 ± 2.5 in (172.5 cm). In addition, studies involving male and female short, medium, and tall participants were proportioned at a ratio of 2:5:2, respectively.
Variables relating to single paper-towel dispensing
A total of 36 volunteers were recruited (18 males and 18 females) consisting of short, medium, and tall heights to pull hand towels as they would after normal handwashing. This was conducted without knowledge of the type or origin of the paper towels being tested. A total of 50 towels were each pulled by 10 different individuals of medium height (5 towels of each type), 20 towels each were pulled by 4 participants of short height, and 20 towels each by 4 participants of tall height (5 towels of each type). Testing was performed by all participants from 2 different reach (towel-pulling) perspectives: (1) a straight approach, directly facing the dispenser (shoulders parallel with the long axis of the paper towel), with no obstructions or objects between it and the user; and (2) a side approach, in which the shoulders are perpendicular to the long axis of the paper towel, and the user is standing away from (not in front of) the dispenser, with no obstructions or objects between it and the user.
After placement of all towels including X, Y (YW and YN), and Z (ZW and ZN) into the dispenser, participant accessibility to the first towel was created by gently pulling the flap of the first towel down through the exit, to hang as if in normal use. Volunteers were asked to wet their hands (using warm water) and to pull hand towels as if they were normally drying their hands. The following variables were studied and documented: (1) dispensing of single towels; (2) dispensing of multiple towels; (3) towels jammed in dispenser when pulled; (4) inability to grasp towel flap after previous pull; (5) contamination of dispenser exit surfaces after pull; (6) towels falling onto the surface below the dispenser (floor); and (7) towels pulled remaining in participants' hand.
Statistical analysis
A paired t test was used (Excel 97, Microsoft) to determine the significance between the incidence of sanitary dispensing malfunctions by sex and orientation of loading of towels whereas analysis of variance (2-factor) (Excel 97, Microsoft) was used to determine the significance by towel type, product type, and height difference.
RESULTS
Determination of trouble-free sanitary dispensing of a single paper towel
Determination of trouble-free sanitary dispensing of paper towels for each of the variables (1-7) is shown in Table 1 , which indicates considerable variation between brands and type. Overall, the X towels had the highest incidence of dispensing malfunction whereas Z towels had the lowest. The X towels also provided the greatest opportunity for cross-contamination to occur; a significantly (P < .05) greater number of paper towels jammed in the dispenser when pulled and a greater number of volunteers were unable to grasp the towel flap after a previous pull (compared with Y and Z towels). Furthermore, this lead to a greater frequency of the contamination of the dispenser-exit surface after pulling X towels (P < .05). There was a significant difference (P < .05) between the number of single towels dispensed for each towel product with a 99% frequency of pulling single Z paper towels. Dispensing of multiple towels was more likely to be observed for X towels, followed by Y towels, with only a 1% frequency observed for Z towels. Dispensing of a greater number of single paper towels resulted in a decrease in the number falling onto the floor and an increased number remaining in the volunteers' hands after pulling.
The incidence of sanitary dispensing malfunctions by different height and sex were also considered using the test parameters (data not shown). Overall, female volunteers had the lowest incidence of dispensing malfunctions (P < .05) whereas shorter volunteers (male 162.56 cm and female 149.86 cm) were observed to have the lowest dispensing malfunctions. Table 2 shows the overall frequency (percent) of the same variables (1-7) occurring during the pulling of wide and narrow Y and Z paper towels. Only one size was tested for X towels. Overall, there was a significant difference (P < .05) between the dispensing of wide and narrow towels for both Y and Z tow- els. The lowest incidence of dispensing malfunction was obtained by using wide towels as compared with narrow towels for both Y and Z towels.
Dispensing of wide and narrow paper towels
Economic assessment (towel wastage)
The percent wastage of paper towels on the basis of multiple-towel dispensing and from towels falling onto the floor is shown for each towel product and type in Table 3 . Towel X had the highest total wastage (42.8%) compared with Y and Z towels (YW, YN, ZW, and ZN). Towel Z (ZW and ZN) had extremely little wastage as a result of multiple dispensing or falling out of the dispenser. Overall, there was approximately 10 times as much wastage with towel Y (YW and YN) than towel Z (ZW and ZN). In addition towel X was almost 3 times as wasteful as towel Y and almost 30 times more wasteful than towel Z.
DISCUSSION
Drying of hands is a final, crucial, but often overlooked part of the handwashing process. 5, 10 Topical, horizontal, zigzag transmission from individuals to surfaces and from surfaces to another individual's hand, nose, eye, mouth, food, or a combination of these is an established fact with numerous bacterial and viral diseases. 16 A large variation between brands in dispensing efficacy was found, which could impact on infection control and the economics of hand drying. Towel Z had superior dispensing properties when distributed from the generic papertowel dispenser compared with other towels tested. It successfully delivered a single towel on 99% of occasions. Dispensing failures observed included jamming of towels, failure to grasp the tail of the next towel, and towels falling onto surfaces below. This increased the potential for contamination as the volunteers' hands would come into contact with dispenser exits and, sometimes, the inside of the dispenser, in addition to towels remaining inside the dispenser or becoming contaminated by contact with sink surfaces. This may contribute to the reported routine contamination of paper towels and dispenser exits. 12, 14 Rates of handwashing are known to be suboptimal 17 and problems with drying could discourage people and contribute to this phenomenon. A higher percentage of volunteers also accidentally touched the dispenser when pulling towel X compared with towel Z. The towel tail clearly extended below the paper exit on towel Z resulting in decreased contact with the dispenser.
Jamming of paper towels, increasing the risk of crosscontamination, occurred more frequently with towels X and Y compared with Z. The wider towels were a better fit in the generic dispenser and resulted in a greater number of single towels being dispensed, although when the towels did jam the wider towels were more difficult to free than the narrower towels.
Female volunteers obtained a lower incidence of malfunctions, although the sample size was small. The height of the dispenser above floor level could also have implications. It may be hypothesized that shorter participants were able to observe whether the towel was free or jammed, and remove the towel with minimum contact and difficulty from the dispenser exits resulting in more frequent successful delivery of the towel. Tall participants may have been at a disadvantage because they could not clearly observe underneath the dispenser. For contamination and cross-contamination to be reduced during the dispensing of paper towels, it is essential that the towel used is a good fit for the dispenser and is able to deliver single towels on pulling.
Another consideration is towels that fall on the floor or on sink-top surfaces. Towels that fall out of the dispenser are viewed by many as wasted, and are picked up and discarded. However, many individuals, especially those not educated in infection control, have been observed to pick up fallen towels and place them above the dispenser for later use, giving rise to a risk of transmission. The risk of cross-contamination as a result of dispensing towels that touch sink-top or countertop surfaces has been previously described. 12 Cumulatively, the data suggest that there could be a significant economic cost in wastage associated with the use of some paper towels at a time when attempts are being made to optimize health care spending and achieve value for money spent. 1, 18 The use of paper towels is preferable to hot-air dryers and the theoretic goal is to achieve zero risk of contamination during the drying process. However, this is unlikely and risk-reduction strategies should aim to achieve a level of risk as low as is practically possible. It can be concluded that environmental service managers and infection control practitioners should, therefore, carefully consider the siting and design of paper-towel dispensers and the types of towel purchased to minimize the risk of hand contamination after washing and to reduce economic waste. Architects working in the health care field should also be aware of these issues when designing and specifying equipment for new facilities. Further work is required to investigate the sanitary dispensing of other folded paper towels available in the United States and United Kingdom. The methods described in this article are currently being used in a much larger study of hand-drying recontamination, investigating transfer rates to and from paper towels and dispenser exits.
